To enable accurate implant placement and precise drilling following preoperative simulation, we developed the BoneNavi system. To realize more precise drilling when the holes are upsized, two methods of surgical guiding were attempted in the present study. One involved using multiple surgical guides with titanium tubes of different diameters, and the other involved using a single surgical guide but employing titanium drill guide tubes with different diameters. Drilling accuracy of the two newly developed methods was examined and compared with the results of drilling into a pig bone using only the initial surgical guide. Deviations of the position and angle with the two novel methods were similar: 0.17 mm and 1° respectively. As for the control group whereby drilling was done using only the initial surgical guide, the deviations were 0.25 mm and 3.50° -which were significantly larger than those achieved with the two novel methods. In light of the results obtained, our newly developed BoneNavi system is especially applicable for severe clinical cases that require precise implant placement.
INTRODUCTION
As dental implants have become an established dental treatment, the number of applications to difficult and aggressive cases with limited quantity and quality of bone has increased. In such cases, correct estimation of the bone condition, determination of the position of implant placement, and precise drilling into the bone according to simulation are essential in ensuring the successful placement of a dental implant 1, 2) . Moreover, restorative-driven implant therapy, an advanced concept in contemporary implantology, also requires accurate implant placements 3, 4) . To overcome these difficulties and effectively deliver safe and precise surgeries, development of computer-aided systems with reliable and attentive support is expected for both the patient and operator. Our novel computer-aided support system for implant surgery 5) , BoneNavi, has already been applied in more than 200 clinical cases in Japan. It was developed to simulate implant placement and surgical guide fabrication for dental implant surgery. To achieve these objectives, this system involves manipulating a three-dimensional (3D) CT image of a jawbone with a virtual reality force feedback device. To achieve enhanced haptic realism, this system also provides the haptic experience of bone drilling with virtual vibration and the sound of contra-angle handpiece 6, 7) . These simulation features are useful for inexperienced dentists and for training dental students in bone drilling in dental implant operations [8] [9] [10] . In the early stage, our surgical guide supports only the initial drill but not other drills to upsize the hole. However, with this method, the subsequent freehand drilling and placement of the implant body will cause deviations in positioning from the simulation. This is particularly likely to occur when the operation is performed by an unskilled operator. To circumvent this problem, we developed two methods of realizing precise drilling and implant placement following preoperative simulation. One method involved using multiple surgical guides with titanium tubes of different diameters for each drill, named the surgical guide changing (SGC) method. The other method involved using a single surgical guide but employing titanium drill guide tubes with different diameters, and which was named the drill guide tube changing (DGC) method. The objective of this study was to introduce these two newly developed methods on a pig bone, then examine the drilling accuracy of these two methods and compare them with the results of drilling using only the initial surgical guide.
MATERIALS AND METHODS

3D volume rendering and simulation
First, the mandible bone of a pig with plaster jigs for position registration ( Fig. 1(a) ) was CT-scanned by a PET-CT scanner (Discovery ST Elite, General Electric, Fairfield, USA).
The obtained DICOM (Digital Imaging and Communications in Medicine) data was transferred into a 3D image of STL (Stereo Lithograph) data format by using a 3D volume rendering software (VG Studio Max 1.2, Volume Graphics, Heidelberg, Germany) (Fig. (1b) ). Virtual drilling in the 3D bone image could be experienced using a software program and a haptic device to sense the bone condition (FreeForm v9.1 and PHANTOM Desktop, SensAble Technologies, Woburn, USA). During simulation, five parallel holes were bored at the bottom of the pig bone by using a cylindrical image of 4.3 mm diameter and 20.0 mm height (Fig. 2) . The depth of all holes was 10 mm.
Fabrication of surgical guides
Surgical guide fabrication by means of CAD was carried out by using the software and the haptic device ( Fig. 3(a) ). The yellow block image was overlapped on the images of the bone and drills as a surgical guide. Then, as shown in Fig. 3(b) , the CAD data of the surgical guide in STL format was produced where the images of the bone and drill were eliminated from that of the surgical guide, and the height of each cylinder on the surgical guide for the drill was 5 mm from the top of the bone. After the CAD data were transferred to a computer-aided rapid prototyping modeling machine (EDEN 260, Objet, Rehovot, Israel), the surgical guide was fabricated with a UV-cured acrylic-based resin material (FullCure 720™, FullCure 705™, Objet, Rehovot, Israel) using 16-μm layers (Fig. 4) . In this experiment, 2.0-, 3.0-, and 4.3-mm diameter drills (Nobel Biocare, Göteborg, Sweden) were used to upsize the holes in the bone. With the SGC method, titanium tubes (BIONIC, Osaka, Japan) with an external diameter of φ6.0 mm and an internal diameter of φ2.05, 3.05, and 4.35 mm were adapted in the surgical guide (Fig. 5) . The titanium tubes were fixed using a cyanoacrylatebased instantaneous adhesive. A clearance of 0.05 mm was set between the drill and the titanium tube. With the DGC method, an outer titanium tube with an external diameter of φ7.0 mm and an internal diameter of φ6.02 mm was adapted in the surgical guide ( Fig. 6(a) ). In conjunction, inner drill guide tubes with an external diameter of φ6.0 mm and an internal diameter of φ2.05 mm, 3.05 mm, and 4.35 mm were employed (Fig. 6(b) ). A clearance of 0.05 mm was also set between the drill and the changing drill guide tube, and a clearance of 0.02 mm was set between the outer titanium tube and the changing drill guide tube.
Accuracy of drilling
During operation with the SGC method, the surgical guide was adapted on the bone and fixed by hand. Drilling to upsize the holes in the bone was guided by changing the surgical guides with corresponding titanium tubes of a larger diameter for each drill. As for the DGC method, the surgical guide was adapted on the bone and fixed by screws. Drilling to upsize the holes in the bone was guided by changing the drill guide tubes with a corresponding diameter for each drill.
Five holes were drilled into the pig bone by using each surgical guide. Drilling was performed on two pieces of pig bone, and 10 holes in total were drilled for each method (Figs. 7(a) and (b) ). For the control experiment, drilling using only the initial surgical guide was performed and then compared with the (a) (b) simulation image. After drilling, the bone was CT-scanned again. Acquired 3D image was registered with the simulated image by using a 3D measurement system and operating software (Rexcan ARX and ezScan software, Solutionix Corp., Seoul, Korea) (Fig. 8) .
Following which, both the simulated and registered 3D images were imported into an analysis software (Next Day, Materialise, Leuven, Belgium), and the deviation of the center position of the drilled holes from the simulated image was measured at the top of the bone. As for angle deviations, they were hard to evaluate since the angle between the drilled hole and that of the simulated image showed a twisted relation. Therefore, in the present study, both central axes were projected to the mesio-distal axis and the deviation of the angle between them was calculated as shown in Fig. 9 .
Statistical analysis
A comparison of position and angle deviations among the SGC method, DGC method, and using only the initial surgical guide (control) was performed using Bonferroni's multiple comparison test. All data were Fig. 7 (a) Drilling into a pig bone using the SGC method; (b) Drilling into a pig bone using the DGC method.
(a) (b) (a) (b) Fig. 10 Deviations of the center of drilled holes between simulation and drilled bone were shown in the graph. Deviations of tilting angles are also shown. Position and angle deviations for the two groups guided until final drilling were significantly smaller than the control group which was guided for initial drilling only. No statistically significant differences were observed between SGC and DGC groups.
analyzed using a statistical software (SPSS for Windows version 10.0J, SPSS Inc., Chicago, USA). P<0.05 was considered to be statistically significant.
RESULTS
Surgical guides of both novel methods were adapted on the bone in a satisfactory and stable manner. Drilling into the pig bone was performed smoothly without any problem. The accuracy of drilling, the deviations of the position and angle of the drilled holes from the simulation, was examined for the two novels methods and their results were compared with the results of drilling using only the initial surgical guide.
With the SGC method, the deviations of the position at the top of the bone, at the bottom of the hole and the projected deviation of angle were 0.16±0.02 mm, 0.33±0.08 mm, and 0.49±0.21 degrees respectively. With the DGC method, these selfsame values were 0.17±0.04 mm, 0.34±0.10 mm, and 0.52±0.23 degrees respectively (Fig. 10) . With the control group, the corresponding values were 0.25±0.08 mm, 0.86±0.33 mm, and 1.69±0.76 degrees respectively. As seen from Fig. 10 , no statistically significant differences were observed between the SGC method and DGC method. On the contrary, the position and angle deviations for the two test groups which were guided until the final drilling were significantly smaller than that obtained with the control group, which was guided only for initial drilling (P<0.05).
DISCUSSION
By using the surgical guides until the final drilling, the deviation of drilling from the simulated position was about 0.16 -0.17 mm. In an experiment by Sarment et al. using the Simplant system, it was reported that the angle deviation was 4.5±2.0° and the position deviations were 0.9±0.5 mm at the top of the implant body and 1.0±0.6 mm at the bottom of the implant body 11) . In another study by Brief et al. using the IGI system, it was reported that angle deviation was 4.21° and position deviations were 0.65 mm at the top of the implant body and 0.68 mm at the bottom of the implant body 12) . Using the IGI system too in their study, Casap et al. reported that the position deviation 0.35±0.14 mm 13) . With the Nobel Guide system, Assche et al. reported that angle deviation was 2.0±0.8° and position deviations were 1.1±0.7 mm at the top of the implant body and 2.0±0.7 mm at the bottom of the implant body 14) . Compared with the abovementioned reports [11] [12] [13] [14] , the deviations detected in the present study were smaller and could be considered sufficiently negligible for clinical application.
As for the presence of deviations from the simulation, the following reasons were proposed to account for the deviations observed in the present study: 1. Deviation during registration. 2. Displacement of the surgical guide during mounting on the pig bone. 3. Clearance between the drill and titanium tube. 4. Clearance between the changing drill guide tube and the outer titanium tube (only for the DGC method). During surgical guide adaptation on the pig bone, a slight displacement from the simulated position might occur.
Furthermore, a clearance allowance of 0.05 mm between the drill and titanium tube would most likely displace and tilt the drill. With the DGC method, the clearance of 0.02 mm between the drill guide tube and titanium tube would also tilt the drill. Although each clearance was set at a very low value, an accumulation of these small deviations would lead to the observed results. On the other hand, according to the clinician who operated this surgical guide, too small a clearance would cause the drill to be caught in the guide when inserting and withdrawing. In other words, these clearances were considered necessary for a smooth operation. On the handling of the surgical guide during operation, the SGC method was thought to be somewhat slow due to the changing of surgical guides for each drill. However, it may be possible to secure the condition of the drilled holes by removing the surgical guide occasionally. In comparison, the DGC method was faster. However, this method mandated fixing the surgical guide by screws to avoid template mobility. Consequently, the installed surgical guide would pose a difficulty when it needs to be removed for operational reasons. Considering the pros and cons of each method, an appropriate method should therefore be chosen depending on the clinical case.
